Premature local failure of web/flange junctions of the majority of unstiffened commercially produced pultruded fiberreinforced polymer composites profiles is inescapable due to lack of fiber continuity at the resin-dominated junction zones. This paper focuses on evaluating both short-and long-term behavior of such junctions when subjected to axial tensile stresses. In this study, the axial mechanical behavior of web/flange junctions of pultruded bridge deck components before and after hygrothermal aging effect is investigated. In the experimental phase, axial tensile tests were performed on six different types of pultruded web-flange junctions to assess axial characteristics of each web/flange junction type. In order to evaluate the hygrothermal behavior of such junctions, axial tensile tests were conducted on web/flange junction specimens that were exposed to both fresh water and artificial seawater environments at temperatures of 40 C, 60 C, and 80 C. Several controlling parameters affecting both strength and stiffness of pultruded fiber-reinforced polymer junctions were identified and discussed that include: (i) Junction's web and flange thicknesses, (ii) fillet radius, and (iii) variation of hygrothermal exposure environments. Results of this study indicated that the axial tensile capacity of a pultruded profiles is increased as the thickness of both web and flange increases. Also, it was found that the larger fillet radius of the pultruded fiber-reinforced polymer profile may contribute to a larger axial tensile capacity of pultruded profiles. However, due to variable size and geometry of the resin-rich junction zones and the common manufacturing defects in the form of folded fabric and other fibers misalignment effects, it is difficult to generalize the preceding results. Experimental results also showed that the degradation of web/flange junctions axial tensile strength increases when junctions are exposed to higher temperatures. Also, it was found that the axial tensile characteristics for junctions specimens exposed to freshwater environment are slightly different than those that were exposed to artificial seawater environments.
Introduction
In terms of high strength, light-weight, corrosion resistance and continuous manufacturing features, pultruded fiber-reinforced polymer (PFRP) composites have been utilized in several successful applications both in new construction applications as well as repair materials for existing deteriorated structures. [1] [2] [3] For new structures, commercially produced, steel-like, unidirectional pultruded profiles are commonly used by civil engineers in the form of H-girders, [4] [5] [6] [7] double-web beam girders, 8, 9 hybrid FRP-concrete girders, 10 box girders, 11 stay-in-place (SIP) FRP-concrete hybrid deck, [12] [13] [14] as well as bridge decks. [15] [16] [17] Understanding the behavior of web-flange junctions and its impact on both strength and stiffness of PFRP members and the global structural system is critical in order to achieve safe and economic design for any PFRP structure including PFRP bridge decks. Examples of premature local failure of web-flange junctions (WFJs) 18, 19 are shown in Figures 1 through 3 . This typical premature failure is mainly due to the existence of rich-resin zone that is commonly created due to the lack of fiber continuity in addition to potential formation of folded fabrics at the flanges and the web intersections as shown in Figures 4 and 5. Once one of the web side(s) is released, partially or totally, from the flange(s), web buckling will eventually take place as shown in Figure 3 (c). It should be noted that this internal joint failure is not limited to only H-, I-or C profiles, but also may occur in pultruded composite angles subjected to either high compressive stresses or tensile stresses that are imposed on one or the two legs. In these cases, separation of the two angle legs occurs (refer to Figure 3(b) ). This junction inherent deficiency is not limited to open-web pultruded profiles, but also may occur at high stress concentration zones of box sections as shown in Figure 3 (a).
Previous research [20] [21] [22] [23] [24] [25] [26] [27] showed that the existence of such under-reinforced weak regions greatly influences both strength and stiffness of the global behavior of pultruded structural system including framing connections, durability as well as buckling and post-buckling behavior. Two potential locations where local failure of pultruded WFJs were observed and identified by previous studies 18, 19 : (i) at regions of pultruded girders or columns with highest compressive stresses (refer to Premature failure of open-web unidirectional pultruded profiles due to bending loading modes that creates axial tensile stresses at one side of the profile:(a) at high compressive stress concentration (e.g. girder mid-span), and (b) at beam-column framing connection regions. 5 Figure 1(a)), and (ii) at framing connections where high tensile stresses are generated at open-web columns' flanges at the connection region (refer to Figure 1(b) ).
In the past few decades, few scattered studies were conducted to investigate as-built (unexposed) behavior of pultruded web-flange junctions. Results of a pioneering study were reported by Mosallam et al. 20 on experimental evaluation of both axial and rotational stiffness of pultruded H-and L-open-web profiles.
Load-displacement (P-d) and moment-rotation (M-) relations were experimentally developed for different pultruded specimens in order to accurately model and establish design limit-state of PFRP members. Feo et al. 4 conducted experimental and numerical studies on assessing the behavior web-flange junctions of pultruded I-profiles. Experimental results indicated that WFJ strength depends on location of the applied pull force and that the loaded length is dependent on the influence zone. Bank et al. 21, 22 experimentally and numerically studied the influence of web-flange junction's strength and stiffness on local and global buckling of pultruded I-beam. Experimental results showed that significant increases in load carrying capacity of PFRP beams can be achieved by introducing minor geometry and fiber architecture modifications. A node-separation technique was used to simulate the progressive failure of the joint between the flange and the web of the wide-flange beam in the post buckled regime. The tensile, shear and rotation performance of web-flange joints of wide flange I-profiles were experimentally investigated by Turvey and Zhang. [23] [24] [25] Results indicated that the WFJ of pultruded profiles with smaller flanges has larger tearing strength than those of pultruded profiles with larger flanges and that the shear strength of WFJs is much lower than that for flat pultruded plates. Ascione et al. 26, 27 proposed a closed-form equation that considers the contribution of the elastic restraint stiffness of the web-flange junction. The theoretical results were compared with 
Potential Folded Mats/Fabric Locations
Resin-rich Locations experimental and numerical data indicating the validity of their proposed theoretical model. For bridge applications, pultruded composite members are constantly exposed to harsh and changing environments and degradations in both mechanical and physical properties of PFRP composite members are expected.
28-32 Figure 6 shows an example of typical extreme wet environment imposed on a pultruded composite bridge deck in USA. For this reason, it is essential to understand the durability of web-flange junctions to ensure reliability of PFRP profiles and to avoid premature failure that has been witnessed in several cases where pultruded composites are exposed to harsh environments. Liao et al. 29 evaluated experimentally the behavior of PFRP materials before and after aging in both freshwater and salt water solutions at temperatures of 25 C and 75 C. Experimental results indicated the following: (1) both strength and modulus decreased with environmental aging, (2) environmental aging decreased the in-situ fiber strength, and (3) the degradation of fiber/matrix interphase region occurred during the aging period. Due to the fact that all bridge structural members are subjected to cyclic loading, it is critical to understand fatigue performance of pultruded structural members. Iqbal 30 reported results of a comprehensive study that focused on fatigue life of two types of E-glass/phenolic GFRP including hand layup and pultruded composites with special emphasis on the effect of environmental degradation on the fatigue life such as materials. In this study, fatigue tests were performed at constant amplitude with a frequency of 20.0 Hz, and S-N curves were developed for each exposure group. The results show that, except for UV weathering, the fatigue life of all the exposed composite specimens exhibited slight statistically significant improvement for low stress fatigue tests. In addition, residual strength tests conducted at 10% of ultimate strength exhibited no statistically significant (a ¼ 0.05) reduction in tensile strength or modulus at three million cycles of fatigue loading. Xin et al. 31, 32 performed gravimetric tests to investigate the moisture diffusion characteristic and hygrothermal aging properties in bridge profiles pultruded glass-fiber-reinforced-polymer composite laminates exposed to both fresh and artificial seawater at temperatures of 40 C, 60 C and 80 C. The moisture diffusions were separated into a diffusiondominated uptake, a polymer relaxation-dominated uptake and a composite damage-dominated uptake. It is impractical to use the exposure period as the design service life of a bridge that last for hundreds of years. Thus, accelerated experimental methods are generally adopted to simulate the degradation effect. 33 In this accelerated process, temperature and/or moisture conditions are raised beyond the normal service conditions to accelerate the expected degradation process.
In the past, several investigations on T-joints for aerospace structures were conducted; however, the results and outcomes of such studies are not generally applicable to composite materials that are commonly used in construction applications such as pultruded or wet layup composites. This is due to several reasons that include: (i) in aerospace and military applications, advance manufacturing techniques (e.g. auto clave, SCRIMP, RTM, etc.) and more strict quality control/ assurance (QC/QA) procedures are used to produce higher performance composites. In contrast and for economic reasons, E-glass fibers are the common type reinforcement for the majority of civil engineering applications with a relatively lower fiber volume fraction (40% to 50%) with different types of additives that in most cases increase the moisture migration into the pultruded member especially if no compatible polymeric sealing of the cut edges is employed. This in return makes these types of composites be more susceptible to environmental degradation (refer to Figure 2 ). The pultrusion process used for producing pultruded profiles for construction application has a relatively lower quality control resulting in uneven and unstable reinforcement distribution. An example of such quality control-related issues is what is referred to as mat folding as shown in Figure 5 . Fabric folds of PFRP WFJs lead to much challenge on the numerical modelling at the lamina level, (ii) due to the limited capability of the pultrusion process, it is usually difficult to maintain sufficient fiber continuity and volume between the web(s) and flanges creating the typical matrix-dominated zone (refer to Figure 4) , and (iii) lack of knowledge of the majority of bridge engineering on the behavior, capabilities and limitations (both short-and long-term) of pultruded composites. Based on the information obtained from the in-depth literature review, it is believed that there is a dearth of experimental data related to this subject and, accordingly, a limited set of empirical formulations that consider such inherent deficiencies that is sufficient to provide the basis for safe and reliable structural design and standards for pultruded composite structures.
This study and companion papers 34, 35 focus on both short-and long-term durability as well as hygrothermal effects on pultruded composite profiles web/flange junctions and adhesively bonded built-up joints. The objective of the current study is to assess both strength and axial stiffness of web-flange junctions of PFRP bridge profiles and hygrothermal aging effects on its mechanical behavior. This paper presents: (1) experimental results obtained from six different as-built (unexposed) pultruded web-flange junction types and adhesively bonded joints in order to identify the as-built axial characteristics of such junctions, and (2) residual strength of one of the WFJs to evaluate the hygrothermal effects when exposed to both fresh and artificial sea water environments at temperatures of 40 C, 60 C and 80 C. The axial ultimate capacity, a stiffness and failure modes of both un-aged (as-built) and aged (exposed) web-flange junctions (WFJs) were experimentally evaluated.
Experimental programs

General
The experimental program is composed of two interrelated tasks: (i) experimental evaluation of six different as-built (unexposed) pultruded web-flange junction types and adhesively bonded joints. The purpose of these tests is to identify the as-built (unexposed) axial characteristics of such junctions, and (2) experimental determination of residual strength of one of the WFJ type subjected to hygrothermal aging via exposure to both fresh and artificial sea water environments at temperatures of 40 C, 60 C and 80 C.
Specimens preparation
The six different web-flange junctions (WFJs) specimens that were experimentally evaluated in this study are divided into two groups: (i) web/flange junctions that are denoted hereafter as the ''J-group'' and (ii) adhesively bonded joints that are denoted hereafter as the ''AJ-group.'' The J-group junction specimens were cut from different parts of an integrated pultruded composite deck, while the adhesively bonded joints of the AJ-group were fabricated by splicing two independent pultruded profiles that form a built-up structural member. The tenon part of adhesively bonded AJ-group is denoted as ''AJ-1,'' while the mortise part is denoted as ''AJ-2''. Figures 7 and 8 present details of J-group and AJ-group specimens that were evaluated in this study, respectively. It should be noted that in this paper, the pultrusion direction is denoted as the 0 direction, while any direction contains y (degree) clockwise with respect to the pultrusion direction is denoted as the y direction and that any direction contains y-degree counter-clockwise with respect to the pultrusion direction is denoted hereafter as the Ày -direction. For specimens J1 and AJ1, both web and flanges have seven plies with the following reinforcements scheme: (i) 0 plies in the form of 9600 Tex E-glass fiber roving, (ii) 90 plies in the form of unidirectional non-crimp E-glass fabrics, and (iii) AE 45 angle plies in the form of biaxial, noncrimp, E-glass fabrics. Each roving layer has 252.25 bunches roving per meter along the cross section. The 90 laminas were fabricated based on axial non-crimp fabric with a density of 450 g/m 2 and the AE 45 lamina were fabricated by biaxial non-crimp fabric with a density of 680 g/m 2 . For other junctions and joints specimens, both web and flanges are made of five plies with the following reinforcements: (i) 0 plies in the form of 9600 Tex E-glass rovings, and (ii) multi-directional non-crimp E-glass fabrics with three fiber axes serving as 90 and AE45 plies, which includes 220 g/m 2 fabric with + 45 orientation, 150 g/m 2 fabric with 90 orientation and 220 g/m 2 fabric with À45 orientation. In order to keep the fabric continuity of web and flange, 50 mm long lapped length of fabrics were specially designed.
The dimensions of specimens are listed in Table 1 and the symbols are explained in Figure 9 . All specimens were fabricated with same flange length of, a¼200 mm, flange width, b 1 ¼ 40 mm, and web width, b 2 ¼ 40 mm. The web thickness of the J1 specimen is 6 mm, while the web thickness of both WFJ specimens J2 and J3 is 4.5 mm. The web thickness of all adhesively bonded joints is 12.5 mm. The flange thickness, t f , of WFJ specimens J1, J2, and the adhesively bonded built-up specimens AJ1 and AJ2 is 6.0 mm. The flange thickness, t f , of WFJ specimen J3 and adhesively bonded built-up specimen AJ3 is 8.0 mm. The radius of circular arc (fillet) of WFJ specimen J1 and adhesively bonded built-up specimen AJ1 is 10.0 mm. For all other WFJ specimens, the fillet radii are increased to 20.0 mm. For all other adhesively bonded profiles, the fillet radii are increased to 30.0 mm. The joints height, h, of WFJ specimen J1, J2, and adhesively bonded built-up specimens AJ1 and AJ2 are 106.0 mm, while the joint height, h, of WFJ specimen, J3, and the adhesively bonded built-up specimen, AJ3, are108.0 mm.
Three specimens for each WFJ considering test scatter and total 18 specimens are prepared to investigate axial characteristics prior conducting hygrothermal aging tests. The WFJs hygrothermal aging tests that were performed in this study in order to determine the impact of aging effects on axial characteristic of pultruded web-flange junctions were conducted on a total of seventy-two J1 specimens. These specimens were prepared and immersed in the following six different environmental aging conditions: (1) (freshwater), (4) 40 C-SW (artificial seawater), (5) 60 C-SW (artificial seawater), and (6) 80 C-SW (artificial seawater). The specimens were aged for the following periods: (i) one week, two weeks, three weeks, four weeks, six weeks, twelve weeks, and twenty-six weeks. At the end of each ageing period, two identical specimens from each environment aging conditions were removed from the environmental chamber, and conditioned prior to performing standard tensile tests. The artificial seawater was prepared by mixing artificial sea salt with water with 3.5% concentration depending on the average global ocean salt concentration. The ingredient and content of sea salt are listed in Table 2 . The salt concentrations of each saltwater solution were monitored by densitometer and concentration level was adjusted to be approximately 3.5% after each specific time interval.
Experimental test setup
The typical experimental setup that was adopted in this study is presented in Figure 10 . As shown in the figure, each specimen was fixed to a steel plate (300 mmÂ300 mmÂ40 mm) using four steel fixtures with a width of 40.0 mm and a thickness of 20.0 mm with eight 16.00 mm diameter high-strength steel bolts. All web-flange junctions' tensile axial tests were conducted using a calibrated MTS universal testing machine (UTM) with a capacity of 100.0 kN. During each test, both load and axial displacement measurements were continuously recorded. A displacementcontrol loading protocol with a constant axial displacement rate of 1.0 mm/min was used for all tests. The UTM machine was set to stop when a 40% load drop occurred during the test.
Materials properties
The following paragraphs describe the experimental procedures used for characterizing both laminate and adhesives mechanical properties.
GFRP laminates. The tensile, compressive, in-plane shear, flexural and interlaminar properties of each laminate were experimentally evaluated in accordance to ISO 527-4, 36 ISO 604, 37 ISO 14129, 38 ISO 14125 39 and ISO 14130 40 standards, respectively. Due to the anisotropic nature of pultruded composites, five specimens were prepared and tested in both parallel and perpendicular-to-fibers directions. Table 3 presents a summary of mechanical properties of PFRP web and flange laminates.
Adhesives. Two typical stress states exist at the interface of the left side and right side of the adhesive joints, namely shear and tensile stresses. For this reason, both axial tension and shear properties of built-up members' bondlines were evaluated experimentally (refer to Figures 11 and 12) . A summary of test results is presented in Table 4 . As shown in the table, the average tensile strength of the two-part epoxy is 5.82 MPa, while the average shear strength is 6.09 MPa. Figure 13 shows the details of both the trilinear and bilinear models used in this study. As shown in Figure 13 , the load and corresponding displacement at the end of the linear range are denoted as Pl and dl, respectively. The axial ultimate capacity and corresponding displacement are denoted as Pf and df, respectively, while the final failure load and displacement are denoted as Pu and du, respectively. As shown in Figure 13 , the average of loads Pl and Pf is defined as Pm. Similarly, the average displacement of dl and df is defined as dm.
Unexposed specimens experimental results
In this study, two web-flange junctions linear stiffness are proposed namely, (i) linear stiffness Kl, and the average linear stiffness Km. 7, 21 The proposed average linear stiffness, Km, is extracted from the load-displacement curves by connecting the origin point with the midpoint with coordinates (Pm, dm). As shown in Figure 13 , the trilinear model begins with linear stiffness Kl and contains three lines that are constructed by connecting the origin point, the end of linear range point (Pl, dl), the peak load point (Pf, df), and the end point (Pu, du). The bilinear model begins with axial linear stiffness Km and includes two lines that are constructed by connecting the origin point, the midpoint (Pm, dm) and the end point (Pu, du).
Experimental results of joints group
The detailed experimental results of all joints group evaluated in this study are summarized in Tables 5 to  7 . Figure 14 presents the load versus axial tensile displacement curves for all joint groups. Failure modes of different joint groups are presented in Figure 15 . As shown in these aforementioned tables and figures, axial displacement increased linearly as the load increased up to an average displacement of 0.45 mm for junction specimen J1, 1.34 mm for junction specimen J2, and 1.37 mm for junction specimen J3 that occurred at an average load levels of 2.93 kN, 7.62 kN, 8.91 kN for junction specimens J1, J2 and J3, respectively. Beyond these displacement and load levels, stiffness degradations were observed and loaddisplacement curves behaved nonlinearly until reaching an average axial displacement of 1.21 mm, 1.34 mm, 1.37 mm for junction specimens J1, J2, and J3, respectively, that corresponds to loading levels of 5.0 kN, 10.88 kN, 13.28 kN for junction specimens J1, J2 and J3, respectively. It should be noted that the ultimate axial force corresponds to junction specimen J1-1 is much larger as compared to the other two junction specimens in J1 group. Beyond this level, local cracks and delamination started to appeared and propagated rapidly leading to a sharp decrease and an increase in the displacement. The ultimate failure occurred when displacements reached 1.50 mm, 2.53 mm, 2.45 mm for junction specimens J1, J2 and J3 at corresponding load levels of 2.04 kN, 2.79 kN, and 5.55 kN for junction specimens J1, J2 and J3, respectively. Results obtained from both the trilinear and bilinear models for different joints group are presented in Figure 14 . The linear stiffness, K l , for junction specimens J1, J2 and J3 are Figure 13 . Trilinear and bilinear models. Table 5 . Experimental results of J1 junctions. Figure 15 (a)), the failure mode for junction specimen J1 was in the form of large-size throughthe-thickness inclined cracks that were formed at the junction's resin-rich zone. The ultimate failure of WFJ specimen J2 was initiated upon the formation and propagation of inclined cracks that were developed near the start of the fillet zone coupled with delamination of the fillet zone at the opposite side where the inclined cracks were observed (refer to Figure 15(b) ). The failure mode of junction J3 was caused by the development of parallel cracks that were initiated near the fillet starting position followed by delamination at both sides of the fillet zone (refer to Figure 15(c) ). Due to the fact that junctions J2 and J3 have larger fillet radii and smaller web thickness, as compared to junction specimen J1, no visible cracks were observed at the WFJs resin-rich zone of these specimens. Tables 8 to 10 present summaries of experimental results of different adhesively bonded joint groups evaluated in this study. Figure 16 presents the axial load versus axial displacement curves for all adhesively bonded joint groups. The different failure modes of adhesively bonded joint groups assessed in this study are presented in Figure 17 . As shown in these figures, the axial displacements increased linearly as the load increased up to an average displacement of 1.76 mm, 1.64 mm, and 1.37 mm for bonded joints AJ1, AJ2, and AJ3, respectively, that occurred at corresponding load levels of 5.67 kN, 12.28 kN and 10.76 kN, for bonded joints specimens AJ1, AJ2, and AJ3, respectively. It should be noted that the initial load-displacement slop of bonded joint specimen AJ3 is relatively scattered as compared to bonded joint specimens AJ1 and AJ2. Beyond these loading levels, stiffness degradations were observed and the load-displacement curves started to behave nonlinearly until reaching average axial displacements of 2.37 mm, 2.80 mm, and 2.40 mm for specimen adhesively bonded specimens AJ1, AJ2 and AJ3, respectively with associated loads of 6.87 kN, 10.26 kN, and 16.04 kN for specimens AJ1, AJ2, and AJ3, respectively. Beyond these loading levels, local cracks and delamination started to appear and Table 7 . Experimental results of J3 junctions. rapidly propagated leading to an appreciable strength degradation that was accompanied with an increase in axial displacements as illustrated in Figure 16 . The ultimate failure occurred when axial displacement approached 7.43 mm, 5.38 mm, and 3.15 mm for specimens AJ1, AJ2 and AJ3, respectively, at corresponding load levels of 2.81 kN, 1.88 kN and 5.73 kN for specimens AJ1, AJ2 and AJ3. Results obtained from both the trilinear and bilinear models for different adhesively bonded joints groups are presented in Figure (16 ). The linear stiffness K l of adhesively bonded specimens AJ1, AJ2 and AJ3 are 3.24 kN/mm, 7.49 kN/mm and 7.83 kN/mm, respectively, while the average linear stiffness K m of adhesively bonded specimens AJ1, AJ2 and AJ3 are 2.76 kN/mm, 3.21 kN/mm and 7.30 kN/mm, respectively.
Experimental results of adhesively bonded joints group
Both the trilinear and bilinear models results agreed well with the experimental results except that the results obtained from the trilinear model for adhesively bonded specimen AJ2 were higher as compared to the corresponding experimental results. In addition, one can notice that the predicated results obtained from the bilinear model for the adhesively bonded specimen AJ2 are in the conservative side as compared to corresponding experimental results.
As is shown in Figure 17 (a), an inclined crack was initiated throughout the resin-rich zone of adhesively bonded specimen AJ1-1. Also, delamination of the fillet position of specimen AJ1-1 occurred leading to ultimate failure of adhesively bonded specimen AJ1. Figure 17(b) shows the inclined cracks that were initiated near the fillet end of specimen AJ2-2. The typical failure of adhesively bonded specimen AJ3 was initiated by the development of inclined cracks at the starting position of fillet (specimen AJ3-1) or at the fillet middle zone (specimen AJ3-1). No visual cracks or debonding were detected at the adhesives bondline.
A comparison between the axial load capacity (P l , P m , P f , P u ) and stiffness (K l , K m ) of the six web-flange junction specimens are presented in Figure 18 in the form of a bar chart. As one can see, the axial tensile load capacity and axial tensile stiffness of specimen AJ3 were the largest except P l among all specimens, while the axial tensile strength and stiffness of junction specimen J3 were largest among ''J'' group. Results also indicated that the axial tensile strength and stiffness of specimen AJ3 were the largest except that the axial load, P l , of AJ2 has the highest value among ''AJ'' group.
Parameters affecting junction behavior
The following are some of the parameters that affect the behavior of pultruded junctions and adhesively bonded joints based on the results of this study.
Web thickness effects. Web thickness effect on axial tensile strength and stiffness of web-flange junctions is illustrated in Figure 18 . It should be noted that, the web thickness was increased from 6.0 mm (J1 specimen) to 12.5 mm (AJ1 specimen) for #À1 group, from 4.5 mm (J2 and J3 specimens) to 12.5 mm (AJ2 and AJ3 specimens) for #À2 and #À3 group. Experimental results indicated that the axial tensile load capacity of ''AJ-#'' group was slightly larger than ''J-#'' group, except for loads P u and P f correspond to specimens J2-AJ2, while the axial tensile stiffness, K m , of the ''J-#'' group was larger than those of the ''AJ-#'' group. Also, the axial tensile stiffness, K l , of the ''J-#'' group was less than those correspond to the ''AJ-#'' group, except for the ''J1'' specimen. This indicates that increasing the pultruded member's web thickness may slightly increase the junction's axial strength; however, this increase in the web thickness has no obvious effect on the junction's axial tensile stiffness. Experimental results also showed that increasing the web thickness ratio (refer to Figure 19 ) did not lead to an increase in the junction's axial force ratio. This provides evidence that the axial tensile strength does not proportionally increase as the pultruded member web thickness increases.
Flange thickness effects. The effect of changing flange thickness on WFJ axial tensile strength and stiffness Number Table 9 . Experimental results for AJ2 bonded joints. of pultruded web-flange junctions is illustrated in Figure 20 . In order to assess this effect, the flange thickness was increased from 6.0 mm of #À2 group to 8.0 mm of #À3 group. Experimental results showed that the junction's axial tensile strength of the ''#À3'' group was larger than those for the ''#À2'' group except for the value of P l corresponds to the AJ2-AJ3 group. Also, the axial tensile stiffness of the ''#À3'' group was larger than those correspond to the ''#-2'' group, indicating that the larger flange thickness leads to a larger axial tensile strength and stiffness. However, for the same flange thickness ratio incremental increase for each group, the axial tensile force and stiffness ratios incremental increase (see Figure 19 ) are quite different.
Fillet radius effects. The effect of changing the fillet radius of the pultruded member on both junction's axial strength and stiffness is illustrated in Figure 21 . In order to evaluate this effect, the fillet radius of specimens J1 and J2 was increased from 10.0 mm to 20.0 mm and for specimens AJ1 and AJ2, the radius was increased from 10.0 mm to 30.0 mm. The axial tensile load capacity of the ''#À1'' group was less than those of the ''#-2'' group except for load capacity P u of AJ1-AJ2 group but the changing trend of axial stiffness was not clear by increasing fillet radius. Test results showed that increasing fillet radius may increase junction's axial tensile strength but has no obvious effect on the junction's axial tensile stiffness.
Axial load capacity and axial stiffness interaction
The relationship between the axial tensile load capacity and axial tensile stiffness is illustrated in Figure 22 . From this figure, one can see that the larger axial tensile stiffness did not guarantee higher junction's axial tensile load capacity (e.g. specimens J1 shown in Figure 22 (a), specimens J1 and AJ2 shown in Figure 22 (b) and specimens J1, J3 and AJ2 shown in Figure 22 (c).
Experimental results indicated that increasing the pultruded profile web thickness may slightly increase the junction's axial load capacity; however, it does not have an obvious effect on the junction's axial tensile 
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Flange thickness ratio (#-3/#-2) stiffness. Also, it is concluded, based on experimental results, that increasing flange thickness leads to an increase in both junction's axial tensile strength and stiffness. Also, test results showed that increasing fillet radius may increase the junction's axial load capacity, with no obvious effect on its axial tensile stiffness. It should be noted that these conclusions may be different from published research on composite T-joints behavior for aerospace applications where increasing web and flange thicknesses as well as fillet radius do not proportionally guarantee an increase in the junction's axial tensile strength and stiffness due to reasons described earlier in this paper. Figure 23 shows typical differences between composites used in construction (Figure 23(b) ) and those commonly used for aerospace and military applications (Figure 23(a) ). Much attention should be paid in considering the typical problems associated with folded fabrics effects that commonly observed in pultruded composites when using classical laminate theory in predicting the behavior of such pultruded composites. Failure modes for as-built junction specimens (unexposed) and those exposed to hygrothermal aging environments are shown in Figure 24 . As shown in this figure, the size and width of cracks that were developed at the resin-rich (or matrix-dominated) zones have been increased after exposure and aging. The colors of specimens gradually turned from green to yellow after long-term hygrothermal aging (see Figure 24) .
Hygrothermal aging experimental results
Hygrothermal environment effects (W and SW aging environment) on ultimate axial force P f along time variation are presented in Figure 25 . As shown in this figure, the axial tensile ultimate force has increased during an aging period starting from 0 h to 672 h (28 days) and decreased later at temperatures of 40 C and C when junctions were exposed to both freshwater and artificial seawater environments. The experimental results showed that the reduction in residual ultimate axial tensile force difference between water environments and artificial seawater environments at temperatures of 40 C and 60 C is relatively small but the ultimate axial force in the water environments degraded more seriously than in artificial seawater environments at a temperature of 80 C.
The effect of temperature on ultimate axial force retention along time is illustrated in Figure 26 . Experimental results indicated that the reduction in ultimate tensile axial strength retention increases as temperature increases when junctions are exposed to freshwater environment. Also, it was found that the reduction difference in ultimate axial tensile strength force retention at different temperatures is relatively small at aging period between 0.0 h to 672.0 h (28 days) and increases at higher temperatures during the exposure period that started at 672.0 h (28 days) to 4,392.0 h (&6 months) when junctions were exposed to artificial seawater environment.
Conclusions
This paper presents a summary of results of a pioneering multiphase experimental study that was performed on six different web-flange junctions and adhesively bonded joints in order to investigate the as-built (unexposed) axial characteristics of such joints. In addition, one of the web-flange junctions group was exposed to both freshwater and artificial seawater environments at different temperatures including 40 C, 60 C and 80 C, to assess the hygrothermal effects on axial characteristics of junctions and bonded joints.
Experimental results on axial tensile load capacity and stiffness of six different web-flange junctions obtained from this study could provide basis for establishing design limit-state for PFRP structures that consider the inherent deficiency of web-flange junctions. Results of this study also indicated that increasing the pultruded profile web thickness may slightly increase the junction's axial tensile strength; however, it has little effect on the junction axial tensile stiffness. Also, results indicated that increasing pultruded profile flange thickness leads to a larger axial tensile load capacity and stiffness and that the larger fillet radius may increase the junction's axial tensile strength with a minor effect on the junction's axial tensile stiffness. Based on the findings gathered from this study, and in contrary to published work in this area related to the behavior T-joints in aerospace applications, it was found that increasing the web and flange thicknesses as well as the fillet radius do not proportionally guarantee an increase in the junction's axial tensile strength and stiffness due to potential fabric folding effects and other fabrication-related issues. For this reason, much attention should be paid in simulating the behavior of WFJs that must include the fabric fold effects.
The reductions in the WFJs axial ultimate capacity immersed in water environments are: 18.3% (4622.5 N), 22.7% (4366.0 N) and 25.1% (4231.5 N) at the temperatures of 40 C, 60 C and 80 C, respectively, at the end of hygrothermal aging. Also, the reduction in axial ultimate capacity of the WFJs specimen that was immersed in artificial seawater environments are 18.2% (4620.0 N), 19.37% (4552.3 N) and 24.0% (4289.3 N) at the temperature of 40 C, 60 C and 80 C, respectively, at the end of hygrothermal aging.
It is also noted that the axial ultimate force presents increasing trend from 0 h to 672 h and decreased later at temperatures of 40 C, and 60 C exposed both in freshwater and artificial seawater environments. Experimental results indicated that there is a slight difference in axial tensile residual strength for WFJ specimens aged in freshwater and artificial seawater environments at temperatures of 40 C, and 60 C. However, the ultimate axial force in the water environments degraded more seriously than in artificial seawater environments at a temperature of 80 C. Experimental results showed that the ultimate axial force retention reduction is larger at higher temperatures in water environment. Experimental results also showed that the difference of the ultimate axial force retention reduction at different temperatures is relatively small from 0.0 h to 672.0 h (28 days) and is larger at higher temperatures from 672.0 h (28 days) to 4392.0 h (& 6 months) in artificial seawater environment.
Results of this part of the multiphase investigation highlighted the sensitivity of pultrude composites to hygrothermal environment, especially at the critical web/flange junction of common bridge structural profiles. In addition, results explained the reason behind some recent failures of pultruded decks that were witnessed by the second author. The impact of such environment on axial stiffness of WFJs was also identified that affects the structural integrity of pultruded deck systems especially when local buckling and repeated loading exist. It is clear that there is an urgent proactive reaction from the pultrusion industry and the engineering community to understand the criticality of this inherent deficiency and provide immediate remedy for such major issue. This can be done in two ways; (i) redesigning the WFJ resin-rich-or matrix-dominated zone by adding special reinforcements and ensuring continuity of fibers between flanges and the web, (ii) as an immediate resolution, open web-section should be stiffened with proper external details and flanges should support continuously to avoid such damage such as the multidirectional Universal Connector developed by the second author 41 or any other proper stiffeners. As mentioned earlier, the ASCE MOP102 8 contains recommendations for remediating such deficiency.
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